The processing of fibers in a free, non-bound state gives rise to a range of frictional behavior for a given process. The basic laws of fiber friction are reviewed. The finish treatment to the fibers mainly act as a lubricant and anti static agent. A critical review of the requirements of the finish treatment and the methods used to evaluate fiber friction and static charge generation are presented. The requirements of the finish treatment with respect to carding and needlepunching are also discussed. The ineffectiveness of conventional methods to evaluate performance of finish in such process and the need to measure performance of finish and optimize it for each of these processes is highlighted. Methods to evaluate the finish performance in carding and needlepunching will be presented in Parts 2 and 3.
Introduction
Almost all synthetic fibers made today cannot be processed without the aid of a spin finish. The synthetic fibers lack the natural lubricants present in natural fibers such as lanolin in wool, sericin in silk and waxes on cotton, which protect them from being damaged during textile processing. These natural lubricants are a mixture of fatty acid esters, fatty alcohol, free fatty acids and free alcohol, which are almost impossible to duplicate in a laboratory. The fiber finish is essentially a complex mixture of a wide range of chemicals applied to the surface of the fiber during spinning by means of a kiss roll or metered applicator to improve the processability of the fiber. The main components of a fiber finish are lubricants (determine the retarding or frictional force caused by the fibrous material passing over a moving or stationary surface), emulsifiers (in case of a water insoluble lubricant), antistatic agent (in case of hydrophobic fibers), antimicrobial compounds, cohesive agents, humectants and wetting agents. A more detailed description of the chemistry and function of finish components are given by Proffitt Jr. and Patterson [20] . The fiber finish has to be specifically developed for the fiber it is to be applied on. For example, some lubricants such as mineral oils and low molecular weight esters are not recommended for polypropylene as they can cause the fiber to swell under certain conditions and impair fiber properties [23] .
In the case of nonwovens, cotton is usually bleached as raw stock prior to the manufacturing process because bleaching of cotton nonwoven fabric is considered highly impractical. This could be due to possible dimensional changes in the fabric during processing, or due to possible interaction of the bleach with the adhesive chemicals present in the fabric [5] . Bleaching strips the cotton of its natural waxes and any soluble salts, which could act as a lubricant. Hence, it is necessary to add a lubricant finish to bleached cotton to aid the mechanical processing of cotton.
While there is a clear understanding of the effect of finish on the frictional properties of well-defined textile structures such as yarn or fabric, very little is understood about how finish affects the frictional properties of fibers when they are processed in a free form. Here the fibers are subjected to very little cohesive force and the frictional behavior varies as the fiber speed changes due to various accelerating and decelerating forces. In many such cases, the finish treatment will have to be balanced to allow maximum fiber processability given the different requirements of the frictional property at various stages of a single process. To get a better understanding of the frictional behavior of fibers during such processing, a thorough study of the fundamental laws of friction, methods to evaluate friction and the interaction of the finish film at such an interface is necessary for each of these processes. 
Role of Fiber

ORIGINAL PAPER/PEER-REVIEWED
Two such processes are studied in this series of investigations, namely carding and needlepunching.
The Laws of Friction
Two of the basic laws of sliding friction of solids were proposed by Leonardo da Vinci (1452-1519) [30] :
1. Frictional force is independent of the area of contact between two solids.
2. Frictional force is directly proportional to the load that is normal to the sliding direction.
The laws were redefined by the French engineer Amontons and were also verified by C.A. Coulomb [30] . A simple representation of friction force is given by Coloumb and is valid only in the case of metals or hard surfaces sliding against each other.
3. The static coefficient of friction is greater than the kinetic coefficient of friction.
4. Coefficients of friction are independent of sliding speed.
Where, F is the frictional force, R is the normal load and m is the coefficient of friction. The frictional force is mainly governed by the asperities on the sliding surface, which in turn are dictated by the smoothness of the surface. The frictional force can be further broken down into adhesive force and deformation force. Adhesive force is the attractive force exhibited by the two surfaces in contact against each other and deformation force is the force with which one surface, usually the harder one, abrades the other surface. Unlike metals, which generally exhibit plastic deformation, polymers undergo a significant amount of elastic deformation. This viscoelastic nature of polymers greatly influences its frictional properties. Several equations have been proposed to define the frictional properties of textile material [30] . The generally accepted equation for textile materials was proposed by Bowden and Young [4] .
Where, F and R are the same as in Equation [1] , 'a' is a constant equal to m when n = 1 and n is a measure of elasticity or plasticity of the materials in contact. For two perfectly plastic surfaces, n = 1, and for two perfectly elastic surfaces, n = 0.67. Several models have been proposed to characterize friction behavior in fibrous materials [14, 17] . But for all practical purposes, the empirical equation proposed by Bowden and Young seems to be well suited. However, the relationship does not hold for fibers or textile surfaces to which a finish has been added. The value of n is determined based on the direct interaction of the two surfaces in contact. The finish tends to separate these two surfaces with a complex multiple surface interactions making it very difficult to evaluate "n". Hence, the general practice is to plot m (coefficient of friction) against processing parameters such as speed, viscosity, pressure and so on. The frictional behavior of textile materials can further be broken down into three categories based on the relative speed between the surfaces in contact. The frictional behavior at slow speed (10 -4 to 10 -1 m/min) is called boundary friction, as it is more influenced by the mechanical, physical and chemical forces existing at the interface between the two surfaces. The frictional behavior at high speed (above 5 m/min) is called hydrodynamic friction, as it is more influenced by the flow or shear properties of the lubricant. Finally, the friction behavior at intermediate speed (10 -1 to 5 m/min) is called as semi-boundary friction, as it forms a transition between the boundary and hydrodynamic friction. The coefficient of friction varies depending on the above three categories as shown in Figure 1 .
Effect of Fiber and Finish Properties On Frictional Forces
The main finish parameters that would affect the frictional properties of a fiber are type of lubricant, viscosity and cohesive agent added. The cohesive agent determines the magnitude of fiber to fiber friction. As the finish is adsorbed on the fiber surface, the arrangement of molecules will alter the frictional properties. The effect of some of the fiber and finish properties on frictional forces is summarized in Table 1 .
Measurement of Friction
Several factors have to be taken into consideration while performing friction tests, such as speed, surface roughness, surface temperature, ambient temperature and humidity, finish viscosity, uniformity of finish application, finish concentration of the fiber and fiber size and shape [22] . There are several methods to measure hydrodynamic friction when the textile material is in the form of a yarn, fabric or other welldefined textile structures. Some of the most commonly used techniques for measurement of hydrodynamic friction are Rothschild F-Meter Model R-1188 [24] , ATLAB friction tester [31] , capstan method (ASTM D 3412-89) of measuring [19] friction of textile yarn. Measurement of hydrodynamic friction is found to be very much applicable at all aspects of yarn processing as it governs the speed of that particular operation which in turn determines the production speed. Generally, high-speed friction tests are used primarily for measuring fiber to hard surface friction and slow-speed friction tests are used to study both fiber to hard surface and fiber to fiber friction at the boundary region.
The measurement of boundary friction is less appreciated as it does not have any immediate industrial implication in yarn and fabric formation or processing. It is also more difficult to measure due to its small magnitude. Hence, it is also tough to reproduce the same results. Nevertheless, boundary friction is a very fundamental parameter in fiber processing, especially in processes where the fibers are held loosely like in carding and needlepunching. In carding, though the collective fiber mass appears to travel at high speeds from feed to delivery, the fibers as an individual experience high acceleration and deceleration forces relative to one another, especially while being transferred from one carding element to another. Similar forces act on fibers while needlepunching. The techniques used to measure boundary friction can be divided into two general principles [15] . The first is the point contact method, in which one fiber is rubbed against another fiber at right angle at constant speed. The second technique is the extended line contact method, in which the fiber is in contact with more than one fiber, by means of some cohesive form like twist or pressed against each other by means of a weighted grip.
Point Contact Method
A more convenient and proven method of the point contact type is the capstan method of Howell [13] . Moghazhy and Gupta [18] used a version of the capstan method to study the effects of structural and morphological factors on fiber friction. A schematic diagram of the point contact method is given in Figure 2 . One fiber is attached to a load cell, while the other fiber is attached to a bow (U), whose position can be changed relative to vertical fiber by a micrometer gauge (M). The bow is attached to the frame (P5) which in turn is attached to an Instron cross head. P6 is kept stationary and a vessel (C) comes handy to test the frictional behavior when the fibers are immersed in a fluid. The fiber is loaded by a known tension T 0 and the tension T 1 on the fibers is directly Friction increases significantly with decrease in denier of the fiber, especially in the hydrodynamic region. This is due to an increase in area of contact at the fiber to metal or fiber to fiber surface interface [29] . The contact area of coarse fibers is less than that of a fine fiber of same fiber type and mass. Moisture Regain Hydrodynamic friction increases with an increase in moisture regain, especially at higher relative humidity. This is due to an increase in area of contact when the fibers swell. The high relative humidity is also known to affect finish composition and makes it more non-lubricating [30] . Cross Section Experiments performed on certain tire cords show no effect of fiber cross section on frictional behavior; these cross sections were varied by means of manufacturing parameters or raw material and not by changing spinneret hole design [30] . Crystallinity At low levels of crystallinity, an increase in crystallinity results in a decrease in dry coefficient of friction. The fiber was found to harden and increase abrasion resistance at higher levels of crystallinity [30] . Luster Experiments on nylon yarn showed that friction in the boundary and semi-boundary region increases in the order, bright, semi-dull and dull [28] .
Finish Properties Effect on Frictional Properties Viscosity
Friction is independent of lubricant viscosity at the boundary region and highly dependent on viscosity at the hydrodynamic region. Fiber-to-metal friction is directly proportional to the viscosity of the lubricant [16, 27] . Surface Tension
A study on silicone finishes shows the lubricative properties of silicone are due to its low surface and interfacial tensions [7] .
Amount of Lubricant
Several experiments show that the coefficient of friction leveled off after reaching a certain level of finish on the fiber [30] .
Uniformity of Finish
There is very little understanding of the effect of uniformity of the finish applied to the fibers for a given mass of fiber. measured from the Instron. As the fiber is deflected by an angle q, the coefficient of friction is calculated by measuring the exponential of the ratio between the two tensions. Another point contact method is the TRI/SCAN TM Surface Force Analyzer manufactured and sold by the Textile Research Institute.
Line Contact Method
A variation of the capstan method was used by Roedger to measure fiber to fiber and fiber to metal friction based on line contact. The schematic diagram of Roedger's apparatus [21] is given in Figure 3 . The instrument consists of a cantilever to which a fiber is attached on the free end. The fiber passes over a capstan roller and is weighted on the other side. The roller is capable of being operated at nine different levels of speed and the deflection of the cantilever would provide a measure of the frictional force between the fiber and the metal surface of the roller. The roller can also be coated with parallel fibers to measure fiber-to-fiber friction.
While performing experiments using the capstan method on monofilaments, Grossberg and Plate [10] found that the rigidity of the fiber greatly influences the coefficient of friction of the fiber and the difference in the coefficient varies more with a higher value of n, in the equation F = aR n . Hence the rigidity of the fiber should be taken into account before making any comparison of frictional properties of different fibers tested using the capstan method. A method to measure fiber-to-fiber friction was proposed by Gralen and Lindberg based on the line contact principle [9] . The method tested the frictional force between two fibers twisted together by a certain number of twists and the fibers are individually weighted and pulled against each other. The test method required a certain minimum length of fibers (not applicable to all staple lengths) and is very cumbersome.
A modification of the Sirkoski friction-measuring device was used by Basu, Hamza and Sirkorski, to study the friction of cotton fibers [3] . A schematic diagram of the device is given in Figure 4 . The device consists of two brass cantilevers (A, and B), a probe (C), the fiber is pulled at a known velocity by grip (D) and the force is measured by means of two semiconductor strain gauges on the brass cantilevers. The device requires a very high-precision drive and is unable to detect the stick-slip motion found at all boundary friction. Lord proposed a method to study the friction between fibers in a bundle of fibers [15] (Figure 5 ). Two parallel fiber fringe of about 1-inch wide with a density of about 5 mg/cm 2 , were pulled against each other between two smooth surfaces. One of the two fringes was attached to a cantilever by means of clamp (G) and the other fringe is attached to the lower block (K) by means of clamp (H). The upper block (J) exerts a known force (R) on the fiber fringe, normal to the direction of motion. The lower block (K) is displaced with constant velocity towards direction (D). The displacement of the cantilever (d) provides the frictional force measurements. A modification of the lord's test is the beard test developed by Broughton et al. [6] , in which the fibers are vertically mounted on any tensile testing device and a normal force is applied to the sides, Figure 6 . This test can be used on any tensile tester with little modification. The only drawback is the normal force, which needs to be maintained uniform for all tests and varied with the number of fibers and type of fiber.
Another modification of Lord's test is the sled test used by Cotton Inc., and pioneered by ICI [2] . A layer of carded fiber is normally loaded by a known weight and the friction between the carded fiber and the hard surface is measured by means of a load cell. The pin drafting force measurement is another method of measuring friction [26] . The apparatus consists of two beds of intermeshing pins. An 8-inch long sliver is mounted in an upper clamp. The remaining sliver is engaged between the two boards of pins and held on the other side by a stationary lower clamp. The upper clamp is attached to a load-measuring device and is moved at a constant rate of 10 mm/min. The device measures the force necessary to draft the sliver. This gives a good measure of the overall fiber to metal friction and the fiber to fiber friction. But the two components cannot be identified separately.
'Rotoring'
The "Rotoring" is a custom manufactured modification of a sample-opening device [8] . The principle of this device does not fall under the above two classifications and hence has to be discussed separately. The instrument attempts to provide a good simulation of the opening process. The device is a large open-end spinning system consisting of a feed roller, an opening roller and a rotor. The fiber is passed through rotor and is collected in a groove in the rotor instead of being made into a yarn. The energy readings on the opening roller provide a good measure of the resistance by the fiber to individualization. Running the opening roller at lower speed enables one to measure fiber-to-fiber friction, as the work is concentrated more in pulling the fibers from the tangled mass. Fiber-to-metal friction can be measured by running the roller at high speed where the work is more concentrated in wire teeth sliding through the fibers than the fibers being actually pulled out of the tangled mass. However, the geometry and normal force during friction measurements are still unclear. The instrument is also fairly expensive and a production model is not yet available.
Static Charge
It has been observed that whenever two materials are rubbed against each other, they become electrically charged as an electron when one material is passed on to the other. The donor or receiver among the two is decided based on their position in the triboelectric series. The material listed first on the series acquires a positive charge and vice versa. The charge is usually dissipated by means of a conductive medium like moisture. In the case of hydrophobic fibers this charge is seldom dissipated fast enough, causing the fibers to be either attracted towards oppositely charged materials or repelled from likely charged materials. This causes the fibers to cling to certain roller or machine surfaces and repel from each other. Hence, controlling static charge is very essential to ensure processability. Often an anti-static chemical is added to the finish to dissipate this charge. Controlling the ambient humidity is also another means of keeping a check on static charge generations. The effectiveness of the anti-static treatment can be measured by comparing the charge generation before and after the treatment.
There are several methods to measure static charge generation based on either resistivity or charge dissipation time. Some of the methods that measure static charge based on dissipation time are the half-time (the time taken for half the charges to be dissipated) measurement [11] , fabric-to-metal cling test [1] , Sail test [35] , and Ash test [32] . The half-time measurement method is more suitable for measuring static charge generated in carpets than in fiber web. This is because the exact conditions of charge generation in the case of fiber web cannot be replicated in a laboratory and also the fiber web is part of a dynamic system, undergoing changes at all Figure 6 SCHEMATIC DIAGRAM OF BEARD FRICTION TEST [6] time during processing. Resistivity can be measured by an electrostatic voltmeter. The electrostatic voltmeter must also be of the non-contacting type so as not to disturb the fibers being processed. Usually the Reynolds number, Re, of the system, which is the ratio between the charge relaxation time and the material transport time [36] , is considered to be less than one (Re << 1). Therefore, for all practical purposes web movement is assumed to be negligible. The variation in static charge due to speed of the material is accounted for by increasing the frequency of the reading. This provides almost a continuous monitoring of static charge generation. The problem with a non-contacting voltmeter is the voltmeter is calibrated in units of potential, or volts, while surface charge must be measured in units of Coul/m 2 , or charge per unit area. There are several such voltmeters commercially available like the Rothscild TM Static Voltmeter, Tantec TM non-contacting electrostatic voltmeter, Monroe TM and Trek TM Monroe and Trek electrostatic voltmeters. Noncontacting voltmeters (NCV) such as MonroeT TM or Trek TM have been used in the industry to measure surface charge in many electrostatic applications. The working principle of a Noncontacting Electrostatic Voltmeter and the relation between the reading of a NCV probe and the value of measured surface charge is given by M.N. Horenstein [12] . The device consists of a fieldmill type probe with viewing aperture, a detection circuit, and a high-voltage amplifier, as illustrated in Figure 7 . When the probe is exposed to a surface of non-zero potential, the detected field signal is amplified by the high voltage amplifier and a feedback to the probe raises the probe potential toward that of the surface reducing the net field magnitude at the aperture to zero. This can be represented to a simple capacitance problem as shown in Figure 8 .
An array of such NCV can be fixed over the width of the card, for example, and measure the static charge distribution on fiberweb. The relationship between the reading of NCV and charge density depends mainly on distance between the probe and the surface charge, the geometric distribution of the surface charge and the probe geometry. Therefore, the instrument has to be calibrated based on the above factors.
Significance of Finish To Carding
Carding is a very crucial step of fiber processing in yarn manufacturing as well as nonwovens manufacturing. There are a few variations on the design of a card based on fiber length, fineness and rigidity, but the basic principle remains the same. Here individualization of the fibers is achieved by breaking down the lumps of fiber fed into the card by means of repeated action between two saw toothed surfaces. The surfaces move against each other with the saw tooth points facing opposite directions. The distance between the surfaces is small enough only to allow the passage of a few fibers. This restricted passage causes the fibers to be caught on the saw teeth and separated from the lumps. The fibers undergo tremendous stress as they are tugged and pulled. The frictional forces play an important role in the whole process of carding. As the fibers are in a free state, there is no fixed demarcation between boundary friction and hydrodynamic friction. Generally, higher fiber-to-fiber friction is necessary in ensuring a carded web with good cohesion, uniformity and integrity, while a low fabric-to-metal friction is necessary to ensure less damage to the fibers especially with smaller diameters. A very high fabric-to-metal friction will load the carding elements and jam it, causing major down time to clean it.
Lubrication has the ill effect of making the fibers too slippery. Inadequate coefficient of friction may cause the web to break down and also clumps of fibers to be drawn in past the feed roll and feed plate by the licker-in. These clumps may also overload the card elements and may even damage the card wire [33] . Improper selection of finish also lead to filling of card wire by the finish [33] . The thermal behavior of the finish dictates the finish's tendency to deposit residue on surfaces or cause toxic fumes. The finish forms a powdery coating on the carding elements and more often tend to disperse into the atmosphere and may lead to an unhealthy working condition. The thermal behavior of the finish can be The relationship between conductor potential and charge is given by the following matrix equation. This gives the null field condition i.e., zero stored charge in the capacitance CM, which is equivalent to the condition V1 -V2 = 0 or V2 = V1 = Q1/C1 (for CM << C1). V1 = Voltage between Conductor and ground V2 = Voltage between Probe and ground C1 = Conductor capacitance to ground C2 = Probe capacitance to ground CM = Mutual capacitance assessed by means of either a thermogravimetric analysis or an isothermal analysis. Some times problems attributed to finish can also be due to other reasons. A study by Scardino, et al [25] , on carding of glass fiber found that the choking of licker-in could also be induced by a very close feed roller to nose plate setting. The optimization of the finish treatment to the fiber also depends on various fiber factors like type of fiber, fiber fineness, fiber length and rigidity, and also carding parameters like speed of the card and setting of the carding elements. Another factor that may affect the finish performance in carding is uniformity of the finish on the fiber on a macro scale i.e., it deals with the variation in finish add on percentages from one unit mass of fiber to another rather than the finish film on a single fiber. A study of the effect of finish uniformity on fiber processability will better explain the cause of applicator effect if any. It can open possibilities for blending fibers with different finish levels in case finish uniformity has no effect on fiber processability.
Significance Of Finish To Needlepunching
In the case of needlepunching, the fiber web from the card is cross-lapped to form a batt of higher basis weight and the fibers are further entangled and bound to each other. The entanglement results in re-orientation of fiber from one another and hence, the fibers undergo friction between them and between the needles. In this case the finish treatment should be optimized to ensure a friction low enough to permit realignment of fibers and high enough to impart sufficient strength to the fabric after needlepunching. The fiber to metal friction also needs to be optimized to enable the needles to slide through the web and the fibers to be grabbed by the barbs on the needle. Earlier studies indicate that the use of fiber finish has resulted in a reduction of needling forces and needle breakage in the case of Kevlar aramid fiber [34] . As the stiffness of Kevlar aramid fibers (500-900 gpd) is much more than that of polyester (Dacron, 12-17 gpd), the same results may not be applicable for polyester fibers. The properties of the needlepunched fabric may also be affected by finish performance as fiber-to-fiber friction plays an important role in determining inter fiber cohesion.
Shortcomings of Conventional Method Of Testing Fiber Friction To Evaluate Finish Performance In Carding and Needlepunching
Measuring of fiber friction is difficult, as a prohibitively large amount of testing may be required to achieve some desired degree of accuracy. Furthermore, the deviation from a smooth surface and circular cross section makes it more difficult to interpret experimental observations. Both carding and needlepunching are complex processes where the friction measurements cannot be directly translated into a cause and effect equation. This is because the fibers undergo rapid acceleration and deceleration, causing the conventional measure of boundary and hydrodynamic friction meaningless. Exact laboratory simulation of the carding or needlepunching process to measure friction has not been very successful. This calls for a full-scale study of the carding and needlepunching process with respect to finish performance. Key response parameters can be identified and tested for effect of finish parameters and their possible interaction with the process parameters. Such a study is expected to provide a better understanding of the finish performance. The next two papers in this series present the experimental design and results of two such studies conducted on carding and needlepunching.
